In this paper we present a method for retrieving 3D polygonal objects by using two sets of multiresolution signatures. Both sets are based on the progressive elimination of object's details by iterative processing of the 3D meshes. The first set, with five parameters, is based on mesh smoothing. This mainly affects an object's surface. The second set, with three parameters, is based on difference volumes after successive mesh erosions and dilations. Characteristic feature vectors are constructed by combining the features at three mesh resolutions of each object. In addition to being invariant to mesh resolution, the feature vectors are invariant to translation, rotation and size of the objects. The method was tested on a set of 40 complex objects with mesh resolutions different from those used in constructing the feature vectors. By using all eight features, the average ranking rate obtained was 1.075: 37 objects were ranked first and only 3 objects were ranked second. Additional tests were carried out to determine the significance of individual features and all combinations. The same ranking rate of 1.075 can be obtained by using some combinations of only three features.
Introduction and Related Work
The increasing availability of 3D models due to technological developments allows us to use increasingly complex illustrations. Tridimensional digital scanners produce 3D models of real objects. CAD software can also produce 3D models, from complex pieces of machinery with lots of corners and edges to smooth sculptures. Very complex protein structures play an important role in pharmacology and related medical areas. The World Wide Web allows to incorporate 3D models in sites and home pages. As a consequence of this trend, there is a strong interest in methods for recognition and retrieval of 3D objects [1, 2] . Object recognition (matching) may be very time consuming because of all variations that may occur: different position (object origin), rotation, size and also mesh resolution. Similarity analysis does not require precise shape comparisions, global nor local. Normally, this approach is based on computing a set of features or a feature vector FV of a query object and comparing it with the FVs of all objects in a database.
The FVs can be obtained by a variety of methods, from very simple ones (bounding box, area-volume ratio, eccentricity) to very complex ones (curvature distribution of sliced volume, spherical harmonics, 3D Fourier coefficients) [3, 4, 5] . The intrinsic nature of the objects may pose some constraints, and some methods may be more suitable, and faster, for the extraction of FVs than others. For example, methods based on spherical harmonics and 3D Fourier coefficients are not suitable for concave (non-star-shaped) objects, whereas other methods have problems with open (non-closed) objects. Some limitations can be solved by combining two or more methods. However, since many objects can yield very similar FVs by applying only one method, i.e., mathematically possibly an infinite number of objects, normally several methods are combined to achieve the best results. We mention the approach of [6] , which is related to our own approach: they projected a 3D object onto 2D curvature maps. This is preceded by smoothing and simplification of the polygonal mesh, and final retrieval is based on comparing the 2D curvature maps. The theory of mathematical morphology (MM) arose in the middle of the 1960s [7, 8] . Developed for geometric analyses of shapes and textures, it became increasingly important in 2D image processing and computer vision. Despite all theoretical developments and generalization to 3D, most MM work is still being applied to 2D image processing [8] . The work done in 3D is rather scarse and mostly limited to three-dimensional surfaces. Jackway [9] developed an approach for the recognition of 3D objects in range data through the matching of local surfaces. Lee et al. [10] analyzed the composition of 3D particle aggregates by processing one hemisphere of the particles. In this paper we also apply MM to recognition of 3D polygonal objects, but in combination with another method, i.e., mesh smoothing.
The rest of this paper is organized as follows: Section 2 presents the proposed methods and Section 3 the experimental results. We conclude with a discussion in Section 4.
Overview of Our Approach
We use 40 objects of the AIM@SHAPE database [11] . Each one is represented by four different mesh resolutions. The models were downloaded in PLY format and they are 2-manifold, "watertight" (closed, without gaps and with regular meshes). Figure 1 shows some models and Table 1 lists all the objects and their mesh resolutions. The first three resolutions are used for creating the characteristic FV and the last resolution is used for testing in similarity search. In order to obtain invariance to scale (size) and translation, the models were normalized to the unitary sphere after the origin of object was moved to the center of the sphere. Rotation invariance is achieved by the fact that our FV is global to the model as proven in [12] . Invariance to mesh resolution is obtained by proper feature normalization, which is explained below. We apply two different methods which complement each other. Mesh smoothing affects the object's area (Section 2.1) and the dilation-erosion method affects the object's volume (Section 2.2).
